Films of Cu-K-In-Se were co-evaporated at varied K/(K+Cu) compositions and substrate temperatures (with constant (K+Cu)/In ~ 0.85). Increased Na composition on the substrate's surface and decreased growth temperature were both found to favor Cu1-xKxInSe2 (CKIS) alloy formation, relative to mixed-phase CuInSe2 + KInSe2 formation.
growth, 14, 26, 29 formation of a passivating K-In-Ga-Se 10, 33 or K-In-Se 14, 26-28 interfacial compound, formation of a current blocking interfacial compound, 22 formation of elemental Se at the surface, 14, 27 formation of surface Cu2-xSe and GaF3, 14 consumption of a surface 'ordered vacancy compound,' 14 decreased trap concentration, 24 and modified Cu-Ga-In interdiffusion. 6, 20 Another group co-evaporated KF, In, and Se onto CIGS, forming either KInSe2 or K-doped amorphous In2Se3, and achieved results similar to a KF PDT. 27 A PDT without KF (just Se) has also been shown to significantly alter CIGS absorbers, 34, 35 calling into question what 'control' absorber is appropriate for KF PDT comparison. High absorber Na and K composition has also been linked to drastically accelerated degradation in photovoltaic (PV) performance, 36 which may undermine the industrial relevance of initial performance gains achieved with high Na and K levels.
Specifically, Na and K diffused into and degraded the ZnO layer after 100 h in damp heat and light, 36 underscoring the importance of understanding alkali metal bonding in CIGS.
While the mechanisms underlying KF PDT effects remain uncertain, it has been established that a relatively large amount of K is present at the p-n junction in the most efficient solar cells. 1 These advances have heightened interest in Cu-K-In-Se material with group I-poor (i.e. (K+Cu)/In ~ 0.85) and K-rich (x > 0.30) compositions. In a departure from work utilizing KF precursors and PDTs, Cu, KF, In, and Se were coevaporated to form Cu1-xKxInSe2 (CKIS) alloys with K/(K+Cu) composition, or x, varied from 0 to 1. 25, 37, 38 Increasing x in CKIS was found to monotonically decrease the chalcopyrite lattice parameter, increase the band gap, and increase the apparent carrier concentration. Moderate K compositions (0 < x < 0.30) exhibited significantly longer minority carrier lifetimes, 37, 38 relative to x ~ 0 and x ≥ 0. 30 . Superior PV performance was also observed for x ~ 0.07 for a Ga-alloyed film with Ga/(Ga+In) ~ 0. 3 . 23 The substrate surface's Na composition was also found to determine the relative amount of CKIS alloy formation during growth, relative to CuInSe2 + KInSe2 mixed-phase formation. 25 Those studies are extended in the present work to include the effect of temperature on phase formation in Cu-K-In-Se with compositions of interest for PV
applications. The open questions concerning K bonding in CIGS are thereby addressed through investigating chemistry of the Cu-K-In-Se material system.
Experimental Section
Most CIGS films are grown with Ga/(Ga+In) ~ 0.2 -0.3 and intentional gradients in cation composition. 1, 39, 40 However, Ga has presently been excluded to simplify data interpretation. A constant rate, single temperature process was also chosen to achieve uniformity in depth and avoid compositional gradients-as KF 6, 20 and Na 41, 42 have been shown to affect cation diffusion in CIGS. Co-evaporation of Cu, KF, In, and Se was performed on substrates of SLG and SLG/Mo ("Mo") at 400°C, 500°C, or 600°C, as previously detailed. 38 The (K+Cu)/In composition was maintained near 0.85 for all films, while K/(K+Cu) was varied between 0 and 1. Deposited film compositions were measured with X-ray fluorescence (XRF), secondary ion mass spectrometry (SIMS), and energy dispersive X-ray spectroscopy (EDS on a transmission electron microscope). As noted, 38 peak overlap between K and In reduced the certainty of XRF and EDS, so film compositions from in situ electron impact emission spectroscopy (EIES) and quartz crystal microbalance data were used unless otherwise noted. Ultima IV diffractometer to determine structure and assist in phase identification, as previously reported. 38 Standard diffraction patterns were calculated from published phase structures. 38, 43, 44 Film morphology was observed using scanning electron microscopy (SEM). Ultraviolet-visible (UV-visible) spectroscopy was performed to measure transmissivity and reflectivity of SLG/Cu-K-In-Se samples using a Cary 5000 spectrophotometer with a diffuse reflectance integrating sphere. Samples and elemental Se were sealed in a holder with Al windows, which was purged with N2, which was heated up to 600°C while symmetric high temperature XRD (HTXRD) was performed. For ramps, temperature was rapidly increased by 10 or 20°C increments, followed by an 8 min XRD scan at constant temperature. For dwells, the temperature was rapidly ramped (100°C/min) to the set point, and held for the duration of the scans.
Results

Effect of Growth Temperature
High Na Substrates (SLG)
Baseline films with K/(K+Cu), or x ~ 0 (CuInSe2) grown at 500°C had more narrow, intense XRD peaks and more precipitous absorptivity onsets by UV-visible spectroscopy, relative to 400°C growths (not shown)-products of enhanced crystallinity at higher growth temperature. The K-free CuInSe2 films did not exhibit shifts in either XRD peaks or extrapolated band gaps with growth temperature. Films of Cu-K-In-Se with K/(K+Cu), or x ~ 0.38 were grown on SLG substrates at 500°C and 600°C. The 500°C film was homogenous and had a finer grain structure, possibly indicating an increased nucleation rate, relative to the 600°C film (Figure 1 ). On the other hand, the 600°C film exhibited segregation of large, planar crystals (right of Figure 1 ). These precipitates appeared to be KInSe2, based on previous reports. 25, 38 The differences between the 500°C and 600°C growth temperatures on SLG were similar to the differences between SLG and Mo substrates previously reported at 500°C. 25 Films were also grown with x ~ 0.57, and room temperature XRD showed that at 500°C the CKIS alloy formed to completion (Figure 2 ), as inferred from chalcopyrite lattice parameter reduction. 38 The 600°C film had chalcopyrite peaks corresponding to x ~ 0 (CuInSe2), as well as KInSe2. The XRD results were corroborated by UV-visible spectroscopy: the 500°C film had a weak absorptivity onset that was nonlinear in the Tauc plot, and yielded a band gap of 1.28 eV ( Figure S1 ), as expected for a CKIS film with x ~ 0.57. 38 The 600°C film had two absorptivity transitions, which were linear in the Tauc Low Na Substrates (Mo)
Substrates of Mo were previously shown to establish 3x less Na in the growing Cu-K-In-Se films by SIMS. 25 The effect of temperature on Na-deficient growth was studied for Cu-K-In-Se films with x ~ 0 and 0.38 on Mo at 400°C and 500°C. The x ~ 0 film exhibited enhanced crystallinity at higher growth temperature, but no XRD peak shifts (not shown). The film with x ~ 0.38 in Figure 3 The film grown at 400°C was homogenous, and had a finer grain structure, relative to 500°C (Figure 3 ). This could relate to an increased nucleation rate, which would be expected at lower growth temperature. The 500°C film had large, planar KInSe2 precipitates (right of Figure 3 ). The experiment was repeated with x ~ 0.57, and XRD on the 400°C film showed completely alloyed CKIS, while the 500°C film had mixed-phase CuInSe2 + KInSe2 (Figure 4) . Thus, changing growth temperature and substrate Na revealed very similar trends in phase growth. 25 The 400°C film had additional peaks at 17.9 and 29.6° 2θ. These peaks were also observed in a similarly grown x ~ 0.38 film (not shown), only shifted to larger d-spacing. Therefore, they were tentatively assigned to CKIS. Previous reports on bulk Cu0.33K0.67InSe2 crystals found monoclinic symmetry. 46, 47 These XRD peaks could relate to the structural transition from tetragonal CuInSe2 to monoclinic Cu0.33K0.67InSe2, warranting future study.
The resistivity of films grown on Mo at 400°C was measured for Mo/Cu-K-InSe/Ni stacks with varied K/(K+Cu), or x composition. Increasing x decreased apparent resistivity at 0 V and in reverse bias ( Figure S3 ), and indicated a current blocking barrier for the Mo and/or Ni interface. 38 The resistivities of films grown at 400°C were larger than those grown at 500°C by roughly 2 decades, 38 while the trends with composition changes were very similar for each growth temperature. The correlation between apparent resistivity and x may therefore be unrelated to the intragranular properties of the CuInSe2, CKIS, or KInSe2 crystals. As noted, 38 some undetected grain boundary-segregated phase could dominate the apparent resistivity changes. 48 Bulk crystal resistivity measurements could help discern this effect. Films grown on Mo had superior lifetimes by TRPL, relative to SLG substrates. TRPL lifetimes and carrier concentrations for Cu-K-In-Se films grown on Mo at 400°C, 500°C, and 600°C at different x compositions are in Figure   S4 . Growth temperature and composition changed the phase constitution of the films and their semiconducting properties, so the mechanisms responsible for the trends in Figure   S4 were unclear. Further study with spectrally-resolved TRPL could reveal connections between improved lifetimes and CKIS alloy formation or consumption. 
Effect of Annealing
Cu-K-In-Se films were grown on Mo and SLG substrates at 400°C and 500°C, and were then annealed to 600°C for 10 -80 min under vacuum. Films exhibited increased growth of KInSe2 crystals after annealing (e.g. Figure S4 ). XRD and UVvisible spectroscopy both showed that CKIS alloys decomposed into CuInSe2 + KInSe2 during anneals ( Figures S5 and S6) , mirroring behavior at increased growth temperature (Figures 2, 4 , and S1). K-In-Se (x ~ 1) films grown at 500°C predominantly contained KInSe2, although K2In12Se19 impurities were typical. 38 The band gap of K2In12Se19 was determined to be 2.25 ± 0.02 eV by UV-visible spectroscopy (not shown), in qualitative agreement with its reported red appearance. 49 peaks at greater 2θ displayed greater shifts). Another peak shifted to smaller 2θ values in Figure 5 (50° 2θ and 520°C), although the source of that shift was unclear.
To further study the peak shifts at high temperature observed in Figure 5 , dwell and temperature ramp HTXRD was performed on a K-In-Se film (x ~ 1; grown on SLG at 500°C). The dwell at 550°C (Figure 6 Switching from low to high Na substrates at 500°C was previously shown to favor the forward reaction. In this study, switching from high to low temperature was shown to further drive the reaction forward. Remarkably similar effects were observed for the following 3 process changes: from Mo to SLG at 500°C, from 600°C to 500°C on SLG,
and from 500°C to 400°C on Mo. Based on the combined XRD, UV-visible spectroscopy, HTXRD, XRF, and SIMS data, the following net reaction was favored at high temperature and reduced K chemical potential:
Here, the gaseous K-containing species was assumed to be K2Se for the sake of 
As shown, the formation of vacancies on K lattice sites (VaK) in KInSe2 could have accompanied the evaporative loss of K. In this way, the observed K loss could cause the KInSe2 contraction observed at high temperature, as well as the KInSe2 consumption and K2In12Se19 formation.
Continuous peak shifts to smaller 2θ (larger d-spacing) were also found at 500-600°C in Figures 5, 6 (a), and 6 (b). 
Conclusions
The effect of temperature on phase formation in the Cu-K-In-Se material system was studied. Increased substrate Na composition was previously shown to drive CKIS alloy formation (relative to CuInSe2 + KInSe2 mixed phases) during co-evaporation. 25 For Na-rich SLG substrates, changing growth temperature from 600°C to 500°C also drove the formation of CKIS alloys, as evidenced by SEM, XRD, and UV-visible spectroscopy.
Na-poor Mo substrates clearly exhibited the same effect on changing growth temperature from 500°C to 400°C. CKIS alloy formation was therefore favored, relative to CuInSe2 + KInSe2, at increased substrate Na and decreased temperature. Films had resistivities, minority carrier lifetimes, and carrier concentrations in line with previous reports. 25, 37, 38 Films grown at 400°C and 500°C were annealed to 600°C, and showed K loss in proportion to initial film K content (XRF and SIMS). Annealing established increased temperature and decreased K chemical potential, while also reversing reaction (1) and advancing reaction (2) forward (by SEM, XRD, UV-visible spectroscopy, and HTXRD).
Annealing's effect on reaction (1) was in excellent agreement with increased growth temperature results, despite the differences in K chemical potential for the 2 experiments-evidence that K chemical potential was not the mechanism by which temperature and substrate Na affected CKIS alloy formation, although phase diagram studies would be needed to affirm or refute this inference. The KInSe2 lattice exhibited contraction at high temperature that progressed with temperature and time, as well as just time. This could have been a result of VaK formation, driven by K evaporation (e.g.
reaction (3)). However, other unexplained HTXRD peak shifts were observed at high temperature, and more structural and phase equilibrium data for K-In-Se will be needed to better understand these transitions. The present study has identified promising strategies for understanding and ultimately engineering K bonding in CIGS to maximize initial and long-term PV performance: Process conditions were used to establish relative CuInSe2, CKIS, KInSe2, and K2In12Se19 phase amounts. The growth trends may prove useful for predicting the presence or absence of minor phase impurities below typical detection limits-impurities that could dominate PV-relevant electronic properties.
Furthermore, the results lay a foundation for identifying the thermodynamic and/or kinetic mechanisms ultimately controlling the formation of each Cu-K-In-Se phase, as well as predicting probable degradation routes in reliability studies.
